We describe spatial and temporal patterns of fine particulate matter (PM 2.5 ) and of 12 of its constituent chemical elements commonly observed in measurements at residential locations in New York City (NYC). These elements, that is, Ni, V, As, Se, S, Cl, Na, K, Pb, Cu, Zn, and Mn, had significant spatial and temporal variability at 10 PM 2.5 sampling locations during our winter and summer sampling campaigns. By grouping the elements into traditional source apportionment categories, we show that specific chemical components of PM 2.5 considered to have a common source category, such as As and Se for coal combustion, do not always follow the same temporal or spatial pattern. PM 2.5 mass had only limited spatial variability and a slight summertime concentration enhancement. Measurements at residential locations were, on average, consistent with EPA sampling network measurements, although we found that during times of low regional concentration, EPA measurements underestimated the PM 2.5 concentration at residential locations. These results have implications for improved understanding of exposures to specific sources of PM 2.5 , and raise some concerns about source profiles used in source-receptor modeling tracer input selection.
Introduction
Ambient air particulate matter (PM) is ubiquitous in the lower troposphere. It originates from a variety of sources, including both biogenic and anthropogenic emissions, and comprising an array of chemical components, each of which may have single or multiple sources. Adding to its complexity, airborne PM can be chemically transformed as it ages. This transformation generally does not alter the elemental composition of the original components, but rather affects their relative toxicity.
There are National Ambient Air Quality Standards (NAAQS) for six airborne contaminants that are regulated by the United States Environmental Protection Agency (USEPA). The NAAQS are based on levels determined to be protective of human health. PM 2.5 (PM with aerodynamic diameters o2.5 mm) currently has an annual average limit of 15 mg/m 3 . It is important to note that PM 2.5 is not a chemically specific measure, but rather one of fine particle mass that makes no distinction between particle mass of known hazardous compounds or those of more innocuous materials. In New York City (NYC), PM 2.5 mass has been shown to have very little spatial variability (Chillrud et al., 2004; Ito et al., 2004; Maciejczyk and Chen, 2005) ; yet, some studies have suggested a differential toxicity associated with particle composition depending on source category and/or chemical components. PM 2.5 concentrations tend to be somewhat higher during the summer months, which are likely a result of increased formation of secondary sulfate aerosol that had undergone long-range transport from the power generation facilities in and near the Ohio River Valley (Chillrud et al., 2004; Ito et al., 2004; Maciejczyk and Chen, 2005; Hennigan et al., 2006) . NYC does not generally exceed regulatory standards for PM 2.5 , though a number of studies have identified NYC as a region with higher than average mortality and morbidity associated with PM (Lippmann et al., 2006; Bell et al., 2008 Bell et al., , 2009 Patel et al., 2009; Zanobetti et al., 2009) .
PM enriched with specific chemical elements has been shown to have deleterious toxicological effects in both in vivo and in vitro model investigations. A major focus of prior research on the health effects of inhaled PM has been on transition metals, such as iron (Fe), vanadium (V), nickel (Ni), chromium (Cr), copper (Cu), and zinc (Zn), or on polycyclic aromatic hydrocarbons (PAHs) and other carbonaceous compounds, on the basis of their ability to generate reactive oxygen species in biological tissues. Most of the evidence pointing to the biological effects of metals, elemental carbon (EC) and organic carbon (OC) has come from studies involving exposures of laboratory animals in vivo, or of cells in vitro. We know of no studies involving exposures of laboratory animals in vivo, or of cells in vitro to pure chemicals and their compounds, at doses with environmental relevance, that have been positive. On the other hand, some toxicological studies using complex mixtures at relatively high exposures, such as diluted tailpipe emissions, especially whole diesel engine exhaust, or source-related PM mixtures containing multiple metals, such as residual oil fly ash (ROFA), coal fly ash, and concentrated ambient air PM 2.5 , have produced effects that appear to be related to their relatively low contents of metals and carbonaceous material (Dreher et al., 1997; Ghio et al., 2002; Costa et al., 2006; Gent et al., 2009; Lippmann and Chen, 2009; Patel et al., 2009) .
Despite these results, it has, to date, been difficult to determine the roles played by the measured individual components in the effects observed. Near-road exposure studies account for the bulk of chemically specific mixture exposure investigations, but there are clearly many sources of ambient aerosol containing an array of chemical elements. In vitro and in vivo exposure experiments often rely on in situ suspensions of ambient test atmospheres in controlled animal chambers by way of inline atomizers, or the use of wellcharacterized test aerosols such as ROFA, at doses that are unrealistic with respect to ambient exposures. However, such studies have lacked the heterogeneous complexity of PM and gas mixtures in aerosols found in ambient conditions. Thus, the relevance of the effects observed to human ambient air exposures at much lower PM mass levels is therefore uncertain.
Interpreting epidemiological results based on ambient chemical composition data for PM continues to be a challenge. The USEPA chemical speciation network (CSN) provides one-in-three, or one-in-six, daily measurements of PM 2.5 chemical composition from B300 sites across the United States. In the past, two main monitoring networks have been used: the Surface Trends Network (STN), which characterizes speciation near population centers; and the Interagency Monitoring of Protected Visual Environments (IMPROVE), which characterizes remote, background locations that have few local sources of aerosol. A new network design is currently under development and seeks to improve chemical speciation spatial resolution and modify a number of technical limitations associated with STN and IMPROVE sites (Scheffe et al., 2009 ) based on more recent findings of aerosol chemical composition distribution information.
At present, the data from the STN and IMPROVE networks are widely available and are the most comprehensive available spatial and temporal record of chemical speciation in the United States. Recent interest has driven investigations of distributions of individual elements (or groups of elements) across a spatial or temporal domain. This represents a paradigm shift from previous attempts to understand airborne contaminant exposures that more typically used measured PM 2.5 mass, or to a lesser extent, the major ions that comprise PM 2.5 such as sulfate and nitrate (Seinfeld and Pandis, 1998; Peltier et al., 2007; Brock et al., 2008; de Gouw et al., 2008) . The availability of highly specific chemical composition data has led to significant interest among epidemiologists who seek to statistically estimate exposures to chemical components of aerosol. The data are also increasingly used by air quality modelers who apply the data with techniques such as Positive Matrix Factorization (PMF; Hopke et al., 1976; Henry et al., 1984) or other source-oriented receptor models Sarnat et al., 2008) .
Our previous work (Peltier and Lippmann, 2010 ) has demonstrated significant spatial and temporal variability in the distribution of Ni and V in ambient aerosol within NYC, which currently has only three CSN sites, and our own ambient air monitoring data indicated that concentrations of Ni in specific regions of NYC are either significantly underestimated or overstated by the data from these sites. This suggests increased uncertainty when assigning exposure estimates or identifying source profiles for a metropolitan region. This work presents data on additional elements that suggests further heterogeneity in chemically specific concentrations of PM 2.5 components.
Methods
This work was part of a pilot investigation that previously described (Peltier and Lippmann, 2010) results for nickel (Ni) and vanadium (V) only; and thus, the experimental methods are only briefly summarized here.
A custom-designed sampler assembly was deployed at 10 locations across the 4 most populous boroughs of NYC in the winter (January-March) and summer (May-July) of 2008. Our sampling locations, those of the EPA STN in NYC and Elizabeth, NJ, and the location of the major seaport facilities of the Port of New York and New Jersey (in Elizabeth and Newark, NJ), are shown in Figure 1 .
The sampling pump and electronics were located in a small box inside the homes of volunteer participants and the sampler inlet extended through a window to sample outdoor PM 2.5 . Ambient air aerosol was drawn at 4 l/min for 168 h (B7 days), with nominal filter changes on Sunday evenings. The PM sample was size restricted to PM 2.5 (particles with aerodynamic diameters o2.5 mm) by an inline cyclone and was collected on a ringed Teflon filter (Pall, R2PJ037).
After collection, the filter-holding cassettes were returned by the volunteers and the filters within them were removed and placed into disposable Petri dishes. The filters were analyzed for: (1) gravimetric mass (after conditioning at 221C and 35% RH); (2) reflectance (Smokestain Reflectometer, Diffusion Systems, M43M); and (3) X-ray fluorescence (XRF) spectroscopy. XRF methods were described previously (Maciejczyk and Chen, 2005) and elsewhere (Kellogg and Willis, 2009) .
Seasonally averaged concentrations (including data from USEPA speciation sites) were mapped according to location. Because this work used just 11 sites (plus 3 STN sites) within B1000 km 2 of NYC, we used a high resolution Delaunay triangulation technique to interpolate concentrations between the sampling site locations. These interpolations were not validated (e.g., through kriging techniques) and thus estimated concentrations between sampling locations are highly uncertain. This technique was applied in the same manner for all elements, suggesting that intra-and interelement differences are mainly due to different observed source profiles rather than the estimation technique.
Results
Five broad emissions categories thought to have relevant exposure significance in NYC are now discussed. This work is a companion to a similar paper that investigates sources of roadway PM (Peltier et al., 2011) . These broad categories include overall PM 2.5 mass, tracers of residual oil combustion, coal combustion, contributors to ambient salt aerosol, and tracers of incineration and biomass burning. The individual elements used to represent possible markers of these source categories were selected based upon their generally accepted inclusion in various source-receptor models. These, in turn, are based on empirical emissions studies in which specific elements are suggestive, though not necessarily exclusive, to each source category.
Tracers of Coal Combustion
Elemental tracers of coal combustion include Se, As, and S (Husain et al., 1991; Husain and Dutkiewicz, 1992; Eatough et al., 1996) , and were detected throughout the measurement region. S and Se were higher during the summer months, and this was particularly evident for S, which is mainly present in NYC as a secondary aerosol originating from upwind sources of sulfur dioxide (SO 2 ), such as coal burning. As, on the other hand, appeared somewhat higher during the winter, with possibly localized hot spots at a Manhattan sampling site (M1), and at the Elizabeth, NJ STN site. The season average spatial distributions of these elements are presented in Figure 2 as interpolated isopleths from both the residential and EPA sampling locations averaged for winter or summer seasonal concentrations.
Incineration and Biomass Burning
Pb, Cu, Zn, and Mn were among the elements measured during this study, and their elemental concentrations were variable in both time and space. In general, the Manhattan sampling sites had the highest concentrations for each of these elements, and these were consistently higher than those in surrounding locations during both seasons. The exception was Zn, which was highest in parts of northern Manhattan and Bronx. The concentrations of these elements are depicted in Figure 3 . Seasonal patterns varied significantly for Zn, Pb, and Mn; but for Cu, they were generally consistent across seasons. The highest concentrations Zn and Mn were observed during the winter, while the highest concentrations of Pb were observed during the summer. Cu concentration did not differ much between the two seasons, with the exception of a localized hot spot in Bronx during the summer that was not apparent in the winter. The highest Mg concentrations were over the New York Bight and the East River, which is a connecting channel between the Bight and the Long Island Sound, consistent with a salt-water aerosol source.
Potassium (K) was measured as a relatively specific tracer of biomass burning (Tang et al., 2003; Duan et al., 2004; Ryu et al., 2004) . Localized areas of high concentration in lower Manhattan and northern Bronx were apparent, but only during the summer season. Winter concentrations of K were typically lower than summer concentrations (Table 1) .
Salts
Na and Cl were shown (Table 1) to have a seasonal component, with higher concentrations observed in winter. Cl, a more specific tracer of both marine water and road salts, was a factor of four higher in winter than in summer. Both components were observed across a wide range of ambient concentrations in NYCFfor each season, concentration varied by nearly a factor of 10, suggesting that there were distinct periods when NYC was influenced by unusually high concentrations of salt aerosol.
PM 2.5
Consistent with the findings of Ito et al. (2004) , PM 2.5 mass was observed to be spatially consistent across the NYC region (Figure 4) . Somewhat higher concentrations were observed in the summer compared with the winter, with the highest summer concentrations apparent near Elizabeth, NJ and lower Manhattan. Table 2 shows median mass concentrations by season at each site sampled, as well as PM 2.5 concentrations measured at the three NYC-based EPA STN sites. The observed concentration uniformity provides evidence that PM 2.5 mass in NYC is driven by regional sources. One such source of PM is secondary sulfate aerosol originating from upwind coal-fired power plants. In our work, elemental sulfur (S) comprised nearly 9.6% ( ± 1.9%) of measured PM 2.5 mass. When these were results adjusted for unmeasured oxygen in a neutralized sulfate particle (e.g., SO 4 ), sulfate comprises, on average, 28.6% (±6.2%) of observed PM 2.5 mass. It should be noted that this does not include the conjugate anionFif the measured sulfur was present as ammonium sulfate, it would represent 38.1% ( ± 7.7%) of the PM 2.5 .
In general, our measured concentrations were slightly lower than those of the STN sites that were based on EPA reference method measurements, but within the stated bounds of uncertainty. The difference may have been caused by different gravimetric techniques used by our laboratory, where filters were collected over longer periods of time (B7 days), and acclimated to standard environmental conditions. During this period, semi-volatile components are likely to have evaporated, which would lower the observed mass in our filters. Other non-volatile elements (e.g., sulfur) are consistent with nearby STN sites, suggesting reasonable comparability within the bounds of stated uncertainties.
Discussion
The NYC metropolitan region has been shown to have highly variable PM 2.5 chemical components, and these components appear to change in relative concentration over time and space. For a few elements, variability was comparatively small. We now discuss some of implications of this finding in the context of potential inhalation exposures.
Concentrations of PM 2.5 measured at the 10 residential sites in this study were generally consistent with those of These data are discussed in previous work (Peltier and Lippmann, 2010) .
Incineration, coal combustion, and biomass burning Peltier and Lippmann PM 2.5 at the three STN sites within NYC (Table 2 ). Significant variability was observed from site-to-site, and from season-to-season. The highest median seasonal PM 2.5 concentration was at our lower Manhattan site during the summer (M1, see Figure 1 and Table 2) at 18.1 mg/m 3 . In general, summer conditions were marked by somewhat higher average concentrations and more spatial variability from site-to-site, as shown by a wider range of observations during the summer. This was true of both our data as well as the data collected by EPA. Previous work is consistent with this finding (Ito et al., 2004 ), but we note that the lowest range of measurements (reported at 10th percentile, see . No data were available for summer measurements at site Q1 (NA). Reported data include number of weekly measurements, median concentration, and range as 10th and 90th percentile. STNB, STNM, STNQ, and STNE refer to data from EPA at sites in Bronx, Manhattan, Queens, and Elizabeth, respectively. Refer to Figure 1 for specific locations.
Table 2) tends to be somewhat higher at the residential sites of our study, compared with the central monitoring sites used for the EPA data. This feature was only apparent in the summer. While the NYC region is normally impacted by widespread regional sources of PM, local PM sources, such as local traffic, smokestacks, or fugitive dust, will enhance local concentrations. This is the most likely explanation for the observed ''hot spots'' in many of the elements presented in this work. Because the sample locations in our study were at probes extending outside of windows of homes in residential neighborhoods in NYC, this finding suggests that there are additional localized sources of PM present near homes in the summer that are not accounted for by the STN measurements (which are in well-controlled sampling locations with higher population densities than those at our volunteers' residential communities). Thus on average, STN monitoring site conditions are likely representative of the spatial area except in cases of comparatively low PM concentrations. During these periods, EPA PM 2.5 measurements likely underestimate the true conditions in some NYC neighborhoods.
Not surprisingly, the one element that was generally most uniform in concentration was S, most likely in the form of sulfates that are typically transported from upwind coal combustion source regions. It was shown to be a significant fraction of ambient PM 2.5 (Hennigan et al., 2006; Bell et al., 2008; Brock et al., 2008) , and along with carbonaceous material (EC and OC) and lesser inorganic ions (e.g., ammonium, sodium, chloride, and nitrate) account for most of the observed bulk aerosol mass. While a few hot spots of S were observed within this data set, S was generally distributed uniformly as a component of aerosol with the note that generally higher levels of S were observed during the summer. This is likely attributed to higher activities of summertime photochemical activity that oxidizes gas-phase S (emitted from upwind power plants as SO 2 ) to particle-bound sulfate salts.
Because coal combustion is typically a large regional source of this S (and thus PM 2.5 ) in NYC, it is useful to investigate other coal tracers for spatiotemporal variability. The results for our other, non-S coal tracer profiles were somewhat surprising in that they did not correlate as well as expected. Aerosol Se and As, two tracers which are usually emitted in significant quantities by coal combustion (Anderson et al., 1996; Song et al., 2001) , appeared to have different spatial and temporal profiles. The profile of As was somewhat consistent with S, but had much lower concentrations, and was often near the detection limit of the analyzer. A hot spot of As was also apparent at the one of the lower Manhattan sites during the winter, perhaps suggesting a highly localized source of As associated with winter heating. Se, on the other hand, expressed a very different spatial profile from As and S, suggesting a strong influence of more localized sources, such as residual oil combustion (Grahame and Hidy, 2007) . A 650 MW coal-fired power plant operates near Jersey City, NJ, USA which is west of lower Manhattan in NYC. However, the effects, if any, of freshly emitted coal combustion exhaust on NYC is not clear as many of the aerosol elements are formed through secondary processes, which can take an hour or more of atmospheric aging.
The apparent disconnection between Se, S, and As suggests that either different atmospheric chemical processing mechanisms could account for the variations of the concentrations, or there are highly localized sources of these elements that influence their observed temporal and spatial profiles. Differential dilution of emitted elements (e.g., higher dilution of S and As compared with Se) or preferential loss of As and S (compared with Se) is unlikely, supporting the alternative option that there were significant local sources of Se as suggested by Grahame and Hidy (2007) . The spatial and temporal profiles of Se (Figure 2 ) appear quite similar to the profile of Ni in our previous findings (Peltier and Lippmann, 2010) with highest concentrations observed during the winter heating season at specific locations throughout the city thought to be generally downwind of residual oil space heating sources in NYC. Seasonal average Ni and V concentrations, as reported in Peltier and Lippmann (2010) , are also provided in Table 1 and show greatly increased Ni during the winter in NYC. This prior work also showed a distribution of V that was not consistent with Ni, which was initially a puzzling result, as Ni and V were generally thought to have common sources. Our work has shown that a significant quantity of residual oil is used for residential space heating in NYC, and this accounts for the much greater increase in Ni than in V that was observed in winter. The V profile was attributed mainly to effluent from the large shipping port complex located to the south and west of our sampling sites in NYC. Whether residual oil combustion is the main source of Se in NYC or not, the observed Se profile is not consistent with our S or As profiles, thus calling into question the efficacy of Se as a robust tracer of coal combustion, at least for NYC, which is atypical for the United States in that it is the only US city where there is a significant amount of residual oil burning for residential space heating.
The apparent variability of tracers of waste incineration, such as Pb, Cu, Zn, and Mn (Veron and Church, 1997; Artaxo et al., 1998; Graney et al., 2004; Park and Kim, 2005) , may be due to either widespread sources of incineration or poor selection of tracers for this source class. Some general comparability in time and space was observed between Cu and Pb, with notable hot spots in lower Manhattan that suggested common sources. These elements do not appear to have similar profiles to those of Zn and Mn, and provide evidence that incineration sources impacting the region are local rather than regional, and each source may have a different feed material and emissions profile. Furthermore, these emissions may also be linked to traffic-related particles. However, the specific sources of this incineration effluent are undetermined; incineration of residential waste has been banned in NYC since 1989, and thus is unlikely to account for a significant fraction of these tracers. Illegal burning is possible, but is not likely to be widespread, also not likely to be significant source of these tracers. Similarly, local municipal incineration ceased in 2001. Because of the complexity of these sources, this suggests that these elements may not be suitable for accurately identifying sources of incineration in NYC and cannot be used to broadly interpret exposures using source apportionment modeling approaches.
Another possible source of these elementsFin particular, Zn and MnFderives from metal cutting operations (Dias and Edwards, 2003; Kim and Jo, 2006; Lee et al., 2008) . Metal cutting, as part of construction-related steelwork activities, is widespread throughout the city. While construction activities in NYC are nearly ubiquitous, the significant concentration of sites located in lower Manhattan is likely to contribute PM to the regional area. This may be the cause of the seasonally consistent high Mn observed at lower Manhattan sites. However, it appears that Zn and Mn emissions were disconnected. The largest sources of Zn were apparent in northern Manhattan and Bronx, most notably in the winter. It is possible that the most significant Zn sources in NYC are linked to residual oil combustion rather than construction activities, since the same general spatial and temporal trends were observed for Zn and Ni, the latter being a more specific tracer of residual oil combustion.
Pb concentrations were observed at highest concentrations in lower Manhattan and suggest a highly localized source in or near this region; Pb was also observed at highest concentrations during the summer sampling period as compared with winter period, suggesting that the source of Pb is both highly localized, and only present during the summer. Overall, Pb concentrations were near 1 ng/m 3 , though hot spot concentrations were, on average, at 5 and 10 ng/m 3 during the winter and summer, respectively. While this is much lower than the USEPA NAAQS for Pb, this approach does identify the presence of a localized source of Pb, such as lead paint removal from the East River bridges and other steel structures, which may warrant further investigation.
Higher concentrations of biomass burning tracersFin this work, potassium (K)Fwere expected during the winter heating season from residential burning of wood for heat. This was not observed during this study, suggesting that biomass burning contributions are limited, though K can also be emitted from a variety of industrial processes and is therefore not exclusive to biomass burning. In fact, higher K was observed during the summer, which would be the least likely season for residential wood burning for space heating. Because of the highly urbanized land use for the region, residential or commercial biomass burning (e.g., yard waste incineration) is not likely to contribute to the higher levels of K. Others (Ma et al., 2003; Brock et al., 2004; Sullivan et al., 2006; de Gouw et al., 2006) have shown that long-range transport of K from distant sources, such as forest fires, most notably in the boreal regions of Northern Canada and Alaska, USA can be measured in the vicinity of NYC. Therefore, this source likely accounts for at least some fraction of the observed K in NYC.
It was not surprising to find that the NYC region was significantly influenced by the presence of salt-based aerosol components. The city is surrounded by an active salt-water harbor and rivers, and sea spray is likely to be suspended into the atmosphere. This influence varied with intensity from week-to-week, perhaps as a function of local meteorology. Cl, and to a lesser extend Na, was observed at higher concentrations during the winter, and may have been a result of road treatments and salting performed on local roadways. This would result in a higher fraction of available salts for resuspension, thus influencing composition of locally generated aerosol. Median Cl concentration was four times higher in the winter than in the summer, though this was just B16 ng/m 3 , which is a relatively small fraction of PM 2.5 mass.
Conclusions
Trace element chemical composition in NYC was observed to be highly variable in time and place. PM 2.5 mass was generally more uniform than that of any of its components over both space and season, but somewhat higher concentrations were apparent at the residential sites used in this work than at the EPA network sites. External factors such as seasonally based mixing heights and different levels of photochemical processing across each season may have a determining role in these observations. Concentrations of elements associated with incineration varied greatly from siteto-site, and from EPA speciation locations, suggesting that highly localized sources of these components have important roles in chemically specific exposures. Even tracers normally thought as a result of region-wide coal combustion pollution, such as As and Se, were shown to be dissimilar in temporal and spatial distribution, suggesting the presence of unidentified sources of these components on very fine spatial scales. Areas with highest summer As were shown to be lowest in Se, and the spatial profile of Se was qualitatively different than As and S, with a possible major source of Se in NYC arising from residual oil combustion. A number of localized hot spots, particularly in the case of Se, Zn, and Mn, were observed in distinct regions of NYC, and these may be related to large construction demolition and rebuilding efforts in lower Manhattan. These findings suggest that the use of these components in identifying tracers of exposure, as a part of source-oriented receptor models, or addressing exposure based on central monitor data, must be performed with caution.
